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ABSTRACT

Wide-azimuth (WAZ) data have been acquired in most of the deepwater blocks in the Gulf of Mexico. Compared with
isotropic and vertical transverse isotropic (VTI) imaging, tilted transverse isotropic (TTI) prestack depth imaging generally
provides flatter common image gathers (CIGs) for WAZ data, improves image focusing, and significantly reduces well/seismic
misties. However, the presence of significant tectonic stress or uneven stress can cause fractures in thin-bed layers, which re-
sults in a directional velocity variation for seismic wave propagation, or azimuthal anisotropy. In these cases, the transverse
isotropic assumption is insufficient to explain conflicting residual moveouts among CIGs of different azimuths from TTI imag-
ing. A more general anisotropic model, tilted orthorhombic (TOR), is needed to cope with azimuthal velocity variation in these
complex geological settings. Full azimuth (FAZ) data provide a better opportunity to derive the parameters of a tilted ortho-
rhombic model. This paper shows the methodology and effectiveness of the TOR model building with a FAZ data in the deep-

water Gulf of Mexico.

INTRODUCTION

Rock heterogeneity and horizontal stratification is one com-
ponent of the local stress field (Dewey et al., 2006; Schoenbergm
and Helbig, 1997; Bakulin et al., 2000). This stratification typi-
cally implies transverse isotropy (TI). Vertical transverse iso-
tropic (VTI) or tilted transverse isotropic (TTI) imaging are sim-
plified anisotropic representations and assume that wave propa-
gation speeds are the same in the transverse plane (Thomsen,
1986). Recently, TTI imaging has become a standard practice in
the deepwater Gulf of Mexico to resolve the anisotropic effects
of wave propagation in salt-withdrawal minibasins (Huang et al.,
2009). However, in some complex overburden areas, where sig-
nificant uneven stress and fractures exist (Schoenberg and Hel-
big, 1997), one commonly observes inconsistent residual move-
out in common images gathers (CIGs) among different azimuths
despite our best TTI practice.

Generally, tilted orthorhombic (TOR) anisotropy, which
represents parallel-aligned fractures normally embedded in tilted
thin sedimentary layers (Williams and Jenner, 2002; Lynn and
Michelena, 2011), is a less-restricted assumption and can be ap-
plied to more complicated geological formations. A TTI model
needs five parameters, and a TOR model is represented by nine
parameters (Scott et al., 1991; Tsvankin, 1997) as shown in Fig-
ure 1. Deriving a set of reliable TOR parameters is challenging;
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however, it becomes feasible due to the advances in acquisition
and anisotropic imaging technology. First, wide azimuth (WAZ)
data have been acquired in most of the deepwater blocks in the
Gulf of Mexico, and full azimuth (FAZ) data are quickly being
used to improve subsurface illumination (Dickinson et al 2010;
Bowling et al., 2010; F. Mandroux, 2012, personal communica-
tion). FAZ data provide abundant azimuthal information for
deriving these nine parameters. Additionally, during the last
couple of years, ray tracing and tomography (Han and Xu, 2012;
Li et al., 2012), Kirchhoff and beam migration (Mensch et al.,
1998; Xie et al., 2011; Birdus et al., 2012; Zhou et al., 2011), and
wave migration (Alkhalifah, 2003; Zhu and Tsvankin, 2007;
Zhang and Zhang, 2011; Fowler and King, 2011) have been de-
veloped to address TOR anisotropy.

In this paper, we demonstrate the procedure for TOR model
building—the initialization of a TOR depth model and the imple-
mentation of TOR tomography. In order to show the effective-
ness of the TOR model building with full-azimuth data, we chose
a study area located in Keathley Canyon, in the central Gulf of
Mexico, which is interior to the Sigsbee Escarpment and features
complex salt structures, such as reverse faults, carapaces, and
faulted fold structures in the suprasalt region. Fractures are ex-
pected to generally parallel fault strikes and leads to azimuthal
anisotropy. With an FAZ dataset, we demonstrate that (1) FAZ
data are more effective in detecting azimuthal anisotropy than
WAZ data and (2) TOR model building with FAZ can better
resolve anisotropy in the overburden in the presence of fractures
and uneven stress. The fast velocity direction in the TOR model
is consistent with the strikes of fractures in our study area. As a
result, TOR reverse time migration (RTM) with FAZ data im-
proves the imaging of overburden structures, and the better de-
fined overburden leads to improvement in salt geometry and pro-
vides better subsalt images.
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A) TTI B) Tilted Orthorhombic

Figure 1. Comparison of TTl and TOR media. (A) TTI: stress
and wave are symmetrical in [x’, y'] plane with one sym-
metry axis. (B) TOR: Stress varies on the fracture plane
with three orthogonal symmetry planes defined by angles
(6, @, and a).

METHOD

Estimation of Initial Tilted Orthorhombic Model
and Tilted Orthorhombic Tomography

As shown in Figure 1, there are nine parameters to be esti-
mated for the TOR model (vo, €1, 81, €, 85, 03, 0, @, and a). vy is
the velocity along the z direction, which is assumed to be the
slowest propagation direction. (g; and 6,) are defined in the sym-
metry plane [y’, z'], and (g; and §,) are defined in the symmetry
plane [x’, z']. Without loss of generality, we assume g > &;. As
in conventional TTI, 6 and ¢ are defined by the rotation of the
vertical axis at each spatial location. The rotation angle of the
elastic tensor in the [x’, y'] plane, o, is identical to the angle be-
tween the crack orientation and the y” axis in the TTI local coor-
dinate system. Of the nine parameters in the TOR model, vy, €,
&, and a are usually the most sensitive parameters to TOR to-
mography updates. Herein we describe how we initialize the
TOR model.

Starting with conventional TTI model building using FAZ
data, a TTI model (vy, €, &9, 0, and @) can be obtained after sev-
eral iterations of TTI tomography. Moveout discrepancies on
CIGs among different azimuths will be observed in TOR media,
which indicates that one TTI model cannot flatten the CIGs for
all of the azimuths. We begin the process of building the initial
TOR model by first obtaining vy, 6, and ¢. vj is taken from the
TTI model and smoothed to ensure it is free of anomalies and has
an overall tie to wells (check shot, markers). Parameters 6 and ¢
are directly inherited from the TTI model. To derive the remain-
ing parameters (&, 8;, €, 05, 03, and a), we fix vy, 0, and @, then
perform TTI tomographic updates of €3 and &g for each individual
azimuth (one model per azimuth) to flatten CIGs, where f repre-
sents one individual azimuth as shown in Figure 2. For each
individual azimuth, the apparent velocity in the TOR plane [x’,
y']is:
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Given a full azimuth coverage, orthorhombic parameters €,

&, 01, Oy, and 83 can be simultaneously obtained by fitting the
complex orthorhombic curvature in the subsurface plane [x, y].
Thus, for the purpose of building the initial model, we assume
that the distribution of velocities in the [x’, y'] plane is close to
an ellipse. Then, we can find a simple, best-fit ellipse to obtain
an initial orthorhombic model. We use a residual function y of
the ellipse defined as:
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Figure 2. In the subsurface TOR plane [x’, y'], a is the rota-
tion angle of the elastic tensor in the [x’, y'] plane, which
indicates the major axis (¢4 and &4) of the elliptic velocity
system. (g; and &,) is its minor axis. B is one of the multiple
azimuths, and its apparent velocity in the TOR [x’, y'] plane
locates on the elliptic velocity system.

(g4 & 84)
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For TOR media with a minimum of three azimuths of data,
the initial €, &, and o can be obtained by minimizing the y in
Equation 2. 8, and &, can be fitted as well from the elliptic as-
sumption. 93 can be derived by the acoustic approximation in the
orthorhombic system (Han and Xu, 2012). At this stage, we have
derived initial models for the nine TOR attributes (vo, €, 91, &,
827 835 ea P, and (1).

With orthorhombic ray tracing (Han and Xu, 2012), Kirch-
hoff migration is performed with the initial models to generate
FAZ CIGs, from which residual curvatures are picked. Similar to
the method used in TTI tomography (Huang et al., 2007), we set
up a sparse linear system based on the invariant of travel time:

Js.,
de,

—Az— Zl( "As+ "Asl ”Aez)(?))

Here, Az is the difference between the picked event depth
and the true depth, s is the slowness, and is the ; length of the ray
in each cell of the velocity model. TOR model updates (v, only;
€ and &;; or vy, €, and &) are conducted by solving this linear
system (Huang et al., 2007). If any well information is available,
such as misties, this information can be incorporated to constrain
the TOR tomographic output.

APPLICATION

Full Azimuth Towed Streamer Data
in the Central Gulf of Mexico

We apply the TOR methodology to an area in Keathley Can-
yon, in the central Gulf of Mexico (Fig. 3A), which is interior to
the Sigsbee Escarpment and features complex salt structures. A
seismic section through the area reveals faults, carapaces and
faulted fold structures in the suprasalt region (Fig. 3B). Fractures
are expected to generally parallel fault strikes in the area (Hilley



Velocity Model Building Using Tilted Orthorhombic Depth Imaging for Full Azimuth Seismic Data

Figure 3. (A) Location of the FAZ survey in Keathley Can-
yon, Gulf of Mexico. (B) A seismic section across the com-
plex overburden area reveals a thrusted fold belt in the su-
prasalt region. (C) The depth slice at 4.5 km.
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Figure 4. Rose diagram shows offset and azimuthal cover-
age. We use the portion of FAZ data with effective full azi-
muth coverage as much as 10 km.

et al., 2001). The FAZ towed streamer data were acquired using
multiple vessels and configurations designed to maximize azi-
muth variation while maintaining good offset distribution
(F. Mandroux, 2012, personal communication). Although we
have offsets greater than 10 km in this survey, we only use off-
sets less than 10 km for this study. Full azimuth coverage as
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Figure 5. (A) Definition of seven azimuth-offset sectors of
the FAZ survey. (B) Definition of snail CIGs (Lecerf et al.,

2009). (C) TTI seven-azimuths CIG panels. (D) TTI snail
CIGs.

Wide azimuth super shot gather
rose diagram with reciprocity

Figure 6. Rose diagram shows the offset and azimuthal
coverage. We limit the crossline offset of the FAZ data to 4
km to simulate WAZ geometry.

much as 10 km with reciprocity is shown in a rose diagram (Fig.
4).

After the preprocessing sequences—noise attenuation, desig-
nature, and 3D surface related multiple elimination (SRME)—the
FAZ data are divided into seven azimuth sectors (15°, 45°, 70°,
90°, 110°, 135°, 165°) by azimuth-offset binning (Fig. SA).
These seven sectors are migrated to produce the CIGs for multi-
azimuth TTI tomographic joint inversion. After three iterations
of TTI tomography, we still observe conflicting residual move-
outs among azimuths near the folded areas. As azimuth changes
from 15° to 165°, we observe the residual curvature gradually
evolving from over-corrected to under-corrected, and then to flat,
which indicates the need for different apparent velocities in each
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Figure 7. TTI Residual curvature with simulating WAZ ge-
ometry. (A) Azimuth-offset CIGs. Green arrows indicate
where the azimuthal sectors lose the resolution for the CIG
curvatures. (B) Snail CIGs.

azimuth to flatten the gathers (Fig. SC). We also sort the data
into “snail” CIGs (Hung et al., 2006; Wombell 2006; Lecerf et
al., 2009) as defined by Figure 5B, which show a distinct and
significant wobbling effect in the snail CIGs (Fig. 5D). Clearly,
both types of CIGs reveal the limitation of a TTI model in the
presence of tilted orthorhombic anisotropy.

Effect of Azimuth for
Detecting Tilted Orthorhombic Anisotropy

Here we discuss the effectiveness of FAZ versus WAZ for
detecting the tilted orthorhombic effect in the overburden. We
limit the crossline offset of the FAZ data to 4 km to simulate
WAZ geometry. Figure 6 shows a rose diagram with the simulat-
ed WAZ geometry. Figure 7A shows that the WAZ lacks the
resolution to detect inconsistent curvatures among azimuths for
several azimuth sectors (marked by the green arrows). Although
we still observe the wobbling effect in snail gathers with the sim-
ulated WAZ data (Fig. 7B), it is not as clear as the FAZ data
(Fig. 5D) due to the absence of far offset in some azimuth sec-
tors. Clearly FAZ has an advantage over WAZ in detecting tilted
orthorhombic anisotropy. This also may explain how TTI might

|

Figure 8. (A) vo of TTI model. (B) v, of tilted orthorhombic
model, which is simpler than TTI.

generate a reasonable model with WAZ data and unwittingly
ignore the possible existence of orthorhombic anisotropy.

Tilted Orthorhombic Tomography of FAZ Data

For tilted orthorhombic model building, an initial velocity
model is extracted from a smoothed velocity model with TTI
tomography. Each of the seven azimuths is updated independent-
ly using TTI tomography to yield flat CIGs. The parameters of
the individual TTI models are then converted to the initial set of
orthorhombic parameters (v, €;, &, 81, 0,5, 83, and o)) as shown in
Figure 2. Dip and azimuth models, 6 and ¢, are inherited from
the TTI model building. After performing the TOR tomographic
velocity update, we produced the final sediment model shown in
Figure 8, where TOR tomography produces a smoother v, field
than that of TTI, which shows a leakage of the azimuthal anisot-
ropy components into the TTI velocity field. At a location near
the faulted fold area (marked with a red star on Figure 9A), the
direction of fast velocity is conformable with the inconsistent
curvatures from CIGs shown in Figure 5C: TTI CIGs from the
15° azimuth are overcorrected more than those from other azi-
muths, indicating the azimuth is approximately the expected di-
rection of fast velocity. The difference between ¢, and ¢,, rang-
ing from 0.03 to 0.06 (Fig. 9B), shows the strength of azimuthal
anisotropy: the larger the difference, the stronger the orthorhom-
bic anisotropic effect. Overall, we observe that the fastest veloci-
ty direction and the strength of azimuthal anisotropy (g, — ;) are
consistent with the geologic settings.

After three iterations of TOR tomographic updates, we ob-
serve that the gathers are both more consistent across azimuths
and flatter overall with TOR imaging. Additionally, the wob-
bling effects in the snail gathers are greatly reduced (Figs. 10A
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Figure 9. (A) Estimated fast velocity direction on the sur-
face. (B) Azimuthal anisotropy (&1 — &).

and 10B). Figure 11 compares the salt body RTM image from
TTI model building and TOR model building. In the suprasalt
folded belt, TOR imaging improves the focusing of dipping
events, the fold structure and fault positions. With this better
definition of overburden, salt geometry is better imaged with the

TOR model, which improves the focusing and event continuity in
the subsalt area.

CONCLUSIONS

Recently available FAZ data in the Gulf of Mexico provide
the abundant azimuthal information needed to derive a realistic
anisotropy models to describe data for all azimuthal sectors, es-
pecially in the complex geology areas. Herein we define a TOR
depth model building procedure utilizing the parameters from the
azimuthal sectors and apply it to a complex Gulf of Mexico FAZ
dataset. Compared to WAZ data, we observe that FAZ data are
more effective in detecting and estimating azimuthal anisotropy
in the overburden in the presence of fractures and uneven stress.
Compared to TTI imaging, TOR imaging reduces the incon-
sistent residual curvatures in CIGs for all azimuths, provides
better focusing of the structural events and improves imaging of
the overburden mini-basins. Consequently, this has enabled us to
improve the visualization of salt geometry and, hence, provide
better subsalt images. Furthermore, the geological meaningful-
ness of the derived azimuthal anisotropy is supported by the ob-
servation that the fast velocity direction in the TOR model is
consistent with the strikes of fractures in our study area.
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Figure 10. FAZ TOR tomography output. (A) TOR seven-
azimuth panels and (B) TOR snail CIG.
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